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1. INTRODUCTION

The development of polymeric electrolytes with a room temperature conductivity of 10-3
S/cm desirable for solid state rechargeable lithium batteries still remains an elusive goal.
Several discoveries in the past few years such as synthesis of poly[bis-(methoxyethoxyethoxide)
phosphazene] (MEEP)!1] and lithium bis (trifluoro methanesulfone) imide, LIN(CF3S0,), «~i
have been successful in closing the conductivity gap from 10-8 S/cm to the 5 x 10-5 S/cm range
for (PEO:LiX) film. Further increase of conductivity in a dimensionally stable polymeric
electrolyte consisting of an ionizable lithiumn salt in a polymeric host materials remains a goal.
This is understandable in view of the accepted theory of the mechanism of the ion transport via
the large-amplitude segmental motion of the amorphous chains of the polymer backbone.[3]

A promising approach to increase the conductiv'ty of polymeric electrolyte is through
the use of low molecular weight organic solvents as piasticizers in a host polymer. This
approach uses the smaller activation barrier for conducting ions in the plasticizer phase than
in a polymer. In addition. the low viscosity and high dielectric constant of these plasticizers
ensures higher mobility and greater dissociadon of ion pairs. The polymeric electrolytes
obtained by combining a host polymer with a non-aqueous organic liquid containing the
ionizable lithium salt are variously known as "Gel Electrolytes” or "Hybrid Electrolytes."”
These new materials have stimulated major research and development efforts in polymer

electrolyte battery technology.

The present work endeavors to use the gel electrolyte concept to prepare 'free
standing" films of a nitrile-butadiene copolymer as host material and selected organic
solvents as plasticizers. lonic conductivity was measured as a function of temperature to
determine the energy of acti-ation for ion transport. This was carried out for the solution of
the electrolyte in the selected plasticizer, with or without the polymer, as well as in the semi-
solid hybrid film containing all components. These experiments enable us to delineate the
role of the plastizer versus the host polymer in the gel electrolyte system.

2. BACKGROUND

In recent years attempts have been made to utilize the concept of "Gel Electrolytes”
to improve the room temperature conductivity of polyethylene oxide. The plasticizers used
are polyethylene glycol dimethyl ether(3] (PEGDME), propylene carbonate (4.5} (PC),
polyethylene glycol (PEG), and ethylene glycol dimethyl ether EGDME) [6]. Plasticizing
with PEGDME produced a polymer electrolyte with conductivity in the region 10-3 S/cm at




around 40°C, which should be adequate for some applications. The addition of PC resulted
in similar conductivity at room temperature. Other polymers and plasticizer have also been

used with some success (7-22],

It should be mentioned that PEO dissolves in PC, so the dimensional stability of films
containing such miscible components is not satisfactory. On the other hand, if the polymer
solvent pair is completely immiscible, the polymer will not swell and the solvent will remain
as a separate phase, thus inhibiting its incorporation into the film. The aim should therefore
be to obtain a partially miscible polymer-solvent combination, so the polymer can be swollen
in the solvent and high conductivity can be obtained in a dimensionally stable film.

Apart from PEO, other polymers used as hosts are polyacrylonitrile (PAN)[5.18.21],
polyvinyl carbonate (PVCa), poly(vinyl pyrrolidone) (PVP){17}, and poly(vinylidene
fluoride) (PVdF). Polystyrene, poly(vinyl chloride) (PVC), and poly (viny! alcohol) (PVA)
have also been used without success, since these polymers do not give a homogeneous
molecular dispersion of either LiClO, or the plasticizers. The ionic conductivity shows no
relationship to the glass transition temperature (T,) of the polymers.

Plasticizers other than those mentioned above that have been tried are: dimethyl
formamide (DMF), dimethyl acetamide (DMAC), y-butyrolactone (BL), y-valerolactone
( . ), ethylene carbonate (EC), 1,2-dimethoxyethane (DME), dioxolane (DOL), methyl
formate (MF) and sulfolane. Electrolyte salts used are LiClO,4, LiCF35S0; and LiAsFg. The
group at Hydro-Quebec has published performance data on primary and secondary
batteries!!6]; however, the nature of the electrolyte was not disclosed. Similar data have been
published by the Harwell groupl23l.

More recently, Lundsguard et al.[24] reported a polymer electrolyte composition
which combines a conductivity greater than 10-3 S/cm at room temperature with desirable
mechanical properties. Efforts are being made for scaleup and commercialization of this
technology(25]. A gel electrolyte with a room temperature conductivity of the order of 10-3
S/cm! and a lithium transport number o{ .7 was composed of 2-acrylamido 2-methyl
propane sulfonate, lithium carbonate, and lithium trifluoromethane sufonate salt as
dopant(26],

As would be expected, the mechanical strength of the hybrid films 1s not as good as
the films without the solvent. Abraham and Alamgir/2’) proposed the minimum requirement
for these films. It should be possible to process the polymer electrolyte into a free standing

[§9]




film which can withstand the physical abuse during cell fabrication and cycling of secondary
lithium batteries. The strength requirement of these films should possibly be comparable to

porous polyethylene and polypropylene membranes of typical thicknesses of 0.0025 to 0.005
cm, used as battery separators for aqueous liquid electrolyte batteries. In addition, Abraham
and Alamgirl27] considers the coexistence of ionic conductivity similar to liquid electrolytes

with mechanical properties similar to the unplasticized polymer to be mutually exclusive.

3. EXPERIMENTAL

Polymers. The nitrile butadiene copolymers (NBR) used were commercial
elastomers obtained from Zeon Chemical Corporation. They are copolymers of acrylonitrile
and butadiene, with the approximate bound acrylonitrile given in parenthesis. Nipol
1000X132 (50.5), Nipol 1000X88 (43.9), Nipol 1401LG (40.9), Nipol 1042 (35), Nipol
1453HM (28.3), Nipol 1034-60 (20.3), Zetpol 1020 (44.5) and Polyacrylonitrile (100).
Zetpol 1020 is a hydrogenated NBR (HNBR) with about the same amount of acrylonitrile as
Nipol 1000X88. The polymers were used as such after vacuum drying at 60°C for 24 hours.

Plasticizers. The plasticizers used were mono-EGDME, diEGDME, triEGDME,
teraEGDME, BL, VL, N-methyl pyryolidinone (NMP), DMF, DMAGC, and PC. All
plasticizers were dried with molecular sieves. In addition, NMP used for making films was

passed through an activiated alumina column in a dry box.

Inorganic Salts. Inorganic salts used as electrolytes were lithium tetrafluoroborate
(LiBF,), lithium hexaflu- roarsenate (LiAsF) and lithium trifluoromethane sulfonate
(LiCF380;). Samples were opened and used only in the dry box, except for dielectric

analysis and infrared studies. In the latter case, they were stored in a dessicator.

Synthesis of Gel Electrolytes and Films. A small magnetic stirring bar was placed in
a 50 mL round-bottom wide-mouth flask, and the appropriate amounts of LiBF,, Zetpol
1020, and NMP were weighed in (see Table 1). The flask was covered with Parafilm and
heated to 120°C while stirring until a solution was obtained (a minimum of 4 hours, but
typically overnight). Depending on the concentration of NMP, the solution turns into a gel
when cooled to room temperature.




TABLE 1

COMPOSITION OF POLYMER SOLUTIONS AND FILMS

A. SOLUTIONS

Solutions CN:Li WtLiBF, Wt Zetpol Wt Solvent
(® (8)

LiBF, in NMP 2:1 0.200 --- 7.650

(~2.5%)

Zetpol 1010/LiBF, 2:1 (1)0.200 (1)0.508 (1)7.632

in NMP (2) 0.200 (2) 0.508 (2) 7.636

Zetpol 1020/LiBF, 4:1 0.200 1.016 15.252

in NMP

Zetpol 1020/LiBF, 8:1 0.200 2.033 30.502

in NMP

Zetpol 1020/LiBF, 8:1 0.200 2.033 30.508

in DMAC

Zetpol 1020/LiBF, 8:1 0.200 2.033 30.493

in B-lactone

B. FILMS
Weight (grams) % Before Pressing
NMP/ § Z-1020 NMP LiBF, Z-1020 NMP LiBF, % LiBF, Comments
CN:Li  Z-1020 in NMP
1.97 3.03 2476 7.51 0.988 22.6 68.4 9 13.16
3.01 3.01 2.501 7.527 0.654 234 70.5 6.1 8.69
399 3 2.501 7.512 0.493 23.8 71.5 4.7 6.56 Visc Liq
6.26 293 2.554 7.495 0.321 24.6 723 i1 4.28 Visc Lig
8.09 3.02 2.488 7.507 0.242 243 733 24 322 Visc Liq
4.02 1.99 3.015 6.01 0.591 314 6.5 6.1 9.83 Too soft
4.03 223 3.027 6.751 0.591 29.2 65.1 5.7 8.75 Toa soft
397 1.78 3.002 5.35 0.595 336 59.8 6.7 1112
4 1.5 3 4.5 0.591 37.1 55.6 7.3 13.13
2.05 1.93 3.065 5.906 1.179 30.2 58.2 11.6 19.96 No solvate
3 1.77 2.993 5.307 0.784 329 58.4 8.6 14.77

8.11 1.49 3019 4498 0.293 38.7 57.6 38 6.51 No free filin
16.03 1.5 2.994 4.498 0.147 39.2 58.9 1.9 3.27




The CN:Li ratio influenced the properties of the films. The compositions which
contain CN:Li ratios of 2 and 3 are gels at room temperature with NMP:CN=3 and, while
soft can be cut with a knife. Those with higher CN:Li ratios are softer and need lower NMP
in order to obtain a free-standing film.

The film fabrication technique consisted of weighing 0.7 gm of the gel, sandwiching
the gel between two nonporous Teflon sheets, and applying a pressure of 100 Ib through two
steel plates for approximately 15 minutes. The polymer film was carefully removed from
the Teflon sheets without stretching. The films were reweighed to determine any loss of
solvent.

The above procedure was used for the gel containing CN:Li=4 having
NMP:Z-1020=1.5 and the gel containing CN:Li=3 with NMP:Z-1020=1.75. The procedure
was modified by reducing the press load to 50 Ib and the time in the press shortened to 1
minute for the gel containing CN:Li=4 with NMP:Z-1020=1.75.

The gel containing CN:Li=8 with NMP:Z-1020=1.5 was too sticky to press between
the teflon film as it would split when attempting to remove it. In order to measure the
conductivity of those materials which were too sticky to form a free standing film, a different
procedure was used. These materials were characterized by presetting the gap between the
parallel plates to 0.0381 cm in the conductivity apparatus shown in Figure 1. With the top
plate in the raised position, approximately 0.7 gm of the sample was placed in the center of
the lower plate. The top plate was then lowered onto the sample and it was "Squeezed”
down to the preset thickness. For these materials the polymer electrolyte film thickness is
assumed to be the same as the preset distance between the parallel plates.

Thermogravimetry. TA Instruments 2950 Thermogravimetric Analyzer (TGA),
calibrated at the melting temperature of indium (156.6°C) was used. Samples were run at
10°C/min under nitrogen or air as appropriate.

Infrared Spectroscopy. Infrared (IR) vibrational spectra were obtained using a
Nicolet SX60 FTIR spectrometer.

For infrared measurements, three or four drops of the solutions containing the
polymer and the inorganic salt in desired proportion were placed on a sodium chloride plate.
The films were dried either inside the IR compartment by passing dry air overnight or under
10 inches vacuum for 1 hour at 50°C. Some samples were subsequently vacuum dried for 24
hours at 80°C.
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Impedance Spectroscopy. The AC impedance measurement of the Ni/Polymer/Ni
cell was conducted using EG&G, Princeton Applied Research Model 368, AC Impedance

Meter.

Conductivity Measurements. Conductivity measureinents of the free-standing

polymer electrolyte films were made using the apparatus shown in Figure 1. With the top
plate of the conductivity apparatus (Figure 1) in the raised position, the polymer electrolyte
film was laid out flat on the bottom, stainless steel electrode. A piece of nickel foil (cut to
the same size as the stainless steel electrode, 5.264 cm?) was placed over the top of the
polymer electrolyte film and smoothed to insure good contact with the electrolyte film. The
top plate was lowered so that it was in contact with the Ni foil and the weight (approximately
1000 g) was placed on top of the apparatus. To prevent the weight from extruding the gel,
the brass knob on the shaft of the top plate was lowered so that it was just in contact with the
top of the conductivity apparatus. The conductivity apparatus was then placed into a glass
vacuum cell and the appropriate electrical connections were made. The glass cell was sealed,
using a mechanical clamp, while in the dry box and the impedance was measured from 5 Hz
to 100 KHz using the impedance spectrometer outside the dry box.

After measuring the impedance the glass vacuum cell containing the conductivity cell
was returned to the dry box. The polymer electrolyte film was removed and the gap between
the two parallel plates of the conductivity cell was measured with a thickness gage. The
thickness of the Ni foil (0.0014 cm) was subtracted from this measurement and the
remainder was reported as the thickness of the tested polymer electrolyte film.

Conductivity of solutions was measured using a Rosemont Analytical Conductivity
cell, Model No. CEL-G10; cell constant, K=10; approximate capacity 5 mL. YSI 3165
conductivity calibration solution, consisting of potassium chloride, 6.582 percent; and iodine,
0.0002 percent; dissolved in water, was used to determine the cell constant. The
conductivity of this solution at 25°C is adjusted at 10-! S/cm £ 0.25 x 10-6 with a cell
constant equal to 10. The cell constant at other than room temperature was calculated from

the following equation:
Cell Constant = (conductivity at 25°C) X (A + Bt + Ct?)

where t = temperature in °C

A =0.5825
B =0.0157
C =0.00040




Conductivity of the calibration solution at different temperatures, as calculated by the above

equation is shown in Figure 2.

Cyclic Voltametery (CV). A solution consisting of ten percent by weight of LiBF, in
NMP was made in the dry box. IR spectra indicated that the solution was relatively water

free. The lithium surface was cleaned with hexane and used as the working electrode, the
counter electrode, and the reference electrode. Additional experiments were performed

substituting a platinum wire (cleaned with nitric acid) for the working electrode. CV was
performed at two scan rates at 5 mV/sec and 20 mV/s in the range +3.0 volts to -3.0 volts.

The Cubic Equation For Conductivity
Calibration Solution
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Figure 2. Conductivity of Aqueous Potassium Chioride Solution at Different Temperatures
for Calibration of Cell Constant.




4. RESULTS AND DISCUSSION

The objective of the present research was to study the effect of the different
parameters on the conductivity of the gel electrolytes. The parameters studied are (a) the
ratio of lithium salt to the polymer, (b) ratio of polymer to the organic plasticizer, and (c)
ratio of organic plasticizer to salt. The effect of temperature on conductivity of the lithium
salt in the (a) plasticizer only, (b) with polymer in solution and (c) in the heterogeneous film
as gel electrolytes were also carried out and the energy of activation (E,) for (a), (b). and (c)

were determined.

It was expected that measurement of the E, at different stages of processing of the gel
electrolyte, as mentioned above, would shed some light on the roles of the aforementioned
parameters on ion transport.

Selection of Host Polvmer. Polyacrylonitrile. a homopolymer of acrylonitrile
monomer has been widely used in gel electrolyte studies [3-1%-21.2%1 - Although conductivities
in the range of 10~ to 104 S/em at room temperature are reported. the preparation of hybrid
electrolyte from this polymer is rather difficult due to insolubility of this polymer to
common organic solvents that would also dissolve the inorganic lithium electrolytes. Also,
high polarity of closely spaced nitrile groups cause a high glass transition temperature (Tg) in
the vicinity of 100°C. In the present study a copolymer of acrylonitrile and butadiene (NBR)
having lower T, has been used as the host polymer. Spacing of the nitrile groups decreases
dipolar interaction. Decreasing dipolar interaction increases the free volume which decreases
T,. Lower free volume would facilitate segmental motion of the polymer chain at lower
temperatures. which should promote ion transport at the ambient temperature. It s well
known in the rubber industry that T, of NBR copolymers increases with the proportion of
nitrile group in the copolymer. However, decreasing acrylonitrile also decreases the number
of lithium coordination sites, so there may be an optimum between these opposing

requirements of low T, versus high concentration of nitrile groups.

inorganic salts were used in preliminary experiments. These are lithium tetrafluoroborate
(LiBE)), lithium trifluoromethane sulfonate (LiICF;SO5). and lithium hexafluoroarsenate
(LiAsF¢). The plasticizers used are considered for this work and their chemical formulae are

presented in Figure 3.
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The DC conductivity data at 25°C for 1 to 5 percent solutions of LiBF,4, LiAsFg and
LiCF;S0; in different plasticizers are recorded in Tables 2, 3, and 4, respectively. The
corresponding percent concentration (by weight) vs specific conductivity plots are shown in
Figures 4, 5, and 6 for LiBF,, LiAsFg, and LiCF;50;, respectively.

In selecting a plasticizer, the following factors were also taken into consideration:

1) Freezing point <-40°C 4 Solvate lithium salts
(@) Boiling point 2175°C 5) Low viscosity
3 Not reactive to lithium 6) High dielectric constant

The melting and boiling temperature of the plasticizers used are presented in Table 5.
It is apparent that both DMF and DMAC have too a low boiling point to satisfy the above
criteria, although they have the highest conductivity (Table 2, 3, 4 and Figures 4, 5, and 6).
Also, DMF has been reported to have some reactivity with lithium. y-butyrolactone and 4-
methyl-1,3-dioxane showed a pale yellow collar in the presence of lithium salts, indicating a
side reaction. Sulfolene, sulfolane and HMPA as well as ethylene carbonate have too high a
melting point. The 5-methyl isoxazole, 3-methyl-2-oxazolidinone and 4-methyl-1,3-dioxane
are too expensive, although they have moderately high conductivity (Table 2). The last four
plasticizers, glymes (methoxyethyl ethers), have the lowest conductivity. This is ascribed to
the low dielectric constant of these plasticizers. Figure 7 shows conductivity vs molar ratio
of LiBF, in 2-methoxyethy! ether. The maximum in conductivity occurs as the molar ratio
of plasticizer:LiBF, approaches 4 (as compared to 8:1 for polyethylene oxide). The decrease

in conductivity beyond the maximum may be ascribed to ion-pair formation.

Data for dielectric constant and viscosity of some common plasticizers are shown in
Table 6[28]. The ether-type plasticizers would have similar dielectric constant as in PEO,,

(approximately five), which is the lowest among the plasticizers listed. This would promote ion-

pair formation. The fact that the maximum occurs at PEO:Li=8 vs 2-methoxyethylether:Li=4,
may be due partly to the widely different mobilities of the ions in the monomeric plasticizer and
the polymer.




TABLE 2
SUMMARY OF CONDUCTIVITY DATA (1-5%LiBF,)
IN DIFFERENT PLASTICIZERS

Conductivity
(ohm x cm! x 104) at 25°C
Solvent 5% LiBF, | 4% LiBF, | 3% LiBF, | 2% LiBF, | 1% LiBF,

mono-EGDME 12.7 8.95 7.01 4.0 0.80
di-EGDME 18.6 13.9 10.0 5.0 1.96
tri-EGDME 0.20
tetra-EGDME 6.86 5.96 39 3.0 0.80
¥-butyrolactone 67.6 62.6 55.2 421 28.2
N MP 63.7 55.7 49.1 32.1 21.2
HMPA 16.1
DMAC 133.0 115.0 99.2 74.1 444
y-valerolactone 40.2 37.8 37.1 30.2 19.2
DMF 169.0 145.0 122.0 89.7 50.0
PC 36.3 38.8 339 31.2 22.5
SM-isoxazole 61.7

3M-2-oxazolidinone 66.4

4M-1,3-dioxane 66.0

At 5% LiBF,

Trend:DMF > DMAC >> BL 3M-2-oxazolidinone 4M-1,3-dioxane, NMP SM-isoxazole >>
PC >> Di-EGDME > Mono-EGDME >> Tetra-EGDME

At 1% LiBF,

Trend:DMF > DMAC >> BL > PC~NMP > VL > HMPA >> Di-EGDME > Mono-EGDME
tetra-EGDME > Tri-EGDME




TABLE 3

SUMMARY OF CONDUCTIVITY DATA (1-5% LiAsF)
IN DIFFERENT PLASTICIZERS

Conductivity
(ohm x cm! x 104) at 25°C
Solvent 5% 4% 3% 2% 1%
di-EGDME --- 6.06 5.06 3.0 0.995
¥-butyro-lactone 63.3 53.5 433 29.1 15.0
N MP 39.8 333 26.3 18.1 9.95
DMAC 79.6 66.7 51.6 33.1 17.9
y-valero-lactone 48.0 40.4 324 23.1 11.9
DMF 104.0 81.8 63.8 43.1 229
PC 43.9 37.4 22.1 10.9
Trend: DMF > DMAC > BL > VL > PC NMP >> Di-EGDME
TABLE 4

SUMMARY OF CONDUCTIVITY DATA (1-5% LiCF;SO;)
IN DIFFERENT PLASTICIZERS

Conductivity
(ohm x cm! x 10%) at 25°C
Solvent 5% 4% 3% 2% 1%
di-EGDME 8.16 6.06 4.05 3.04 0.995
¥-butyro-lactone 37.8 343 29.5 24.1 15.0
N MP 41.9 36.4 28.3 19.1 10.9
DMAC 91.0 75.8 60.7 43.1 229
¥-valero-lactone 245 222 20.2 16.0 9.95
DMF 108.0 88.9 68.8 48.1 26.9
PC 214 20.2 17.7 15.0 9.95

Trend: DMF > DMAC > BL > NMP > VL ~ PC >> Di-EGDME
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TABLE §
MELTING AND BOILING POINTS OF DIFFERENT PLASTICIZERS

Sulfolene (98%)
Sulfolane (99%)
HMPA (99%)
Y-Butyrolactone (Y9+%)
¥-Valerolactone (99%)
DMF

DMAC

NMP

EC

PC

5-Methylisoxazole
3-Methyl-2-oxazolidinone
4-Methyl-1,3-dioxane
dimethyl-monoglyme
dimethyl-diglyme
dimethyl-triglyme
dimethyl-tetraglyme

bp (°C) mp (°C)
-- 65
285 27
231 /740mm 7
204 -45
207 -31
153 -61
165 -20
81/ 10mm -24
243 /740mm 28
240 -55
122 --
87 / Imm 15
114 -45
85 -58
162 -64
216 -45
275 -30
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TABLE 6
PHYSICAL DATA FOR SOME PLASTICIZERS AND HOST MATERIALS™"

Solvent Dielectric constant, € at 25°C Viscosity (¢P)
DMF 36.7 0.80
PC 64.4 2.53
EC 894 1.90
YBL 39.1 1.75
H,O 78.5 1.00
PEO,00 5 3
PAN 6.5¢ --
NMP¢ 322 1.65

a From Gray [28]
b Measured at 40°C
¢ From manufacturer data (GAF) measured at 25°C

It is interesting that NMP has both lower dielectric constant and viscosity than
v-butyrolactone, but equal or lower conductivity (Figures 4-6). This indicates the existence
of other criteria for ionic conductivity (e.g., interaction with Li*). The dielectric constant
and viscosity of DMF is about half and one-third of those of PC. Lower dielectric constant
should favor more ion-pair formation (lower conductivity) whereas lower viscosity should
give higher ion mobility (higher conductivity). The fact that conductivity of DMF is much
higher than PC (Figures 4-6) may indicate the predominant effect of viscosity.

The plasticizers for further evaluation are y-valerolactone, NMP and PC. Figures 4.
5, and 6 show they have comparable conductivity, with NMP having slightly higher
conductivity except for LiAsF.. Both y-valerolactone and PC have been used with limited
success as a plasticizer for gel electrolyte in earher work. Therefore. NMP was chosen as the

plasticizer for this study.

Recently, some work has been carried out using a blend of PC/EC as plasticizer for
gel electrolytel29]. Table 7 shows conductivity data with 50:50 blend of PC with another
plasticizer from the list in Table 6. Interestingly, NMP shows the highest conductivity after
DMF and DMAC, which were not suitable because of their low boiling point. The




TABLE 7

SUMMARY OF CONDUCTIVITY DATA OF TWO-PLASTICIZER
SYSTEM (50:50) WITH 3% LiBF,

Conductivity

No. Solvent 1 Solvent 2 (ohm x em‘1x104)
21 PC EC 42.6
22 PC Sulfolene 21.3
23 PC Sulfolane 223
24 PC v-Butyrolactone 47.5
25 PC NMP 62.0
26 PC DMAC 81.7
27 PC Y¥-Valerolactone 37.4
28 PC DMF 925
29 PC S-methyl-isoxazole 51.2
30 PC 4-methyl-1,3-dioxane 28.5
31 PC 3-methyl-2-oxazolidinone 50.2
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conductivity of the PC/NMP blend is also higher than either PC or NMP at the same
concentration (3%) of LiBF, (cf. Tables 2 and 7), which is an additional reason to choose

NMP as the plasticizer for this work

Conductivity of the three lithium salts, LiBF,, LiAsFg and LiCF3SO; in NMP is
presented in Figure 8. It may be observed that conductivities of LiAsFg and LiCF;SO; are
comparable to each other whereas that of LiBF, is slightly higher. Molecular weight for the
three salts is 93.75, 195.85, and 156.01 for LiBF,, LiAsF¢, and LiCF3SO;, respectively. The
higher conductivity of LiBF, may be due to the availability of a larger number of lithium ion
at the same percent concentration, the difference in dissociation of the salts, or both. The
difference in dissociation is indicated for LiAsFg and LiCF3SO5 which differ significantly in
molecular weight but show approximately the same conductivity.

Figure 9 shows the conductivity of LiBF, in different plasticizers up to a
concentration of 16% LiBF, by weight. As expected, conductivity shows a maxima with
concentration, which is at a different concentration for different plasticizers. Except for
DMF and DMAC, NMP shows higher conductivity than the other plasticizers studied.

Selection of the NBR Copolymer. Preliminary screening of the conductivity data for

the selection of a polymer was carried out using DEA. The polymer film was made on the
single surface electrode itself by covering the electrode with a few drops a 3% solution in
DMF or NMP, drying inside a vacuum oven (500 mm Hg at room temperature), followed by
high vacuum (75 mm Hg) at 80°C. Table 8 shows the solubility of NBR copolymers in
different solvents.

Conductivities were measured between -100 to 100°C. A summary of electrical
conductivity data of NBR copolymers in the +75 to -75°C range are presented in Table 9.
The changes of conductivity with temperature have a maximum around £25°C range. The
maximum could not be correlated with any morphological change in the polymer (e.g., Ty).
This is discussed in Appendix B. Data submitted in Table 9 do not indicate a definite trend.
Conductivity is also influenced by the solubility of the sample, as in 1000X132 (Table 9)
which has the highest ACN content (50.5%) but is sparingly soluble in DMF (Table 8). It
has lower conductivity than 1000X88 which has lower ACN content (44%). If Nipol
1000X132 is excluded from Table 9, Nipol 1000X88 and Zetpol 1020. which have the
highest ACN, would also have the highest overall conductivity. However, the trend is not
clear and the conductivity difference is small. Zetpol 1020, having less unsaturation would
be more resistant to weather. Also, its solubility in NMP (the plasticizer chosen) is adequate
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TABLE 8

SOLUBILITY OF NBR C"OPOLYMER IN DIFFERENT SOLVENTS

DMF DMAC MEK Acetonitrile
Nipol-1000X88* 3% sol 3% sol 1% insol
Nipol-1000X132* 3% cloudy* 2% cloudy 3% insol 1% msol
2% cloudy
Nipol-1034-60* 1% inso! 3% cloudy 1% insol
Nipol-1453HM* 2% cloudy 2% cloudy 2% cloudy
Nipol-1401LG 3% sol 3% cloudy 1% insol
Nipol-1432 3% sol 3% sol 1% insol
PAN 3% sol 1% insol 1% insol
Polyox N750 1% insol 1% sol
Zetpol-1020* 3% sol
* milled sample
TABLE 9

CONDUCTIVITY OF NBR AND HNBR ELASTOMERS WITH LiBF,
(CN:Li=8) AT VARIOUS TEMPERATURES AT 10° Hz

Conductivity (mhos/cm x 109)

Sample ID, C:Li 8:1 ACN (%) -75°C -25°C 0°C 25°C 75°C
PAN 1.3 20.0 200.0 316 316
Nipol-1000X132 50.5 3.2 15.8 79.4 25.1 316
Nipol-1000X 88 439 1.0 100.0 316.0 50.1 79.4
Nipol-1401 LG 40.9 1.0 2.5 20.0 15.8 12.6
Nipol-1432 33.2 1.3 6.3 15.8 12.6 6.3
Nipol-1034-60 21.3 3.2 7.9 50.1 7.9 20.0
Zetpol-1020 44.5 2.0 31.6 631.0 63.1 39.8




for making a film. Zetpol 1020 (hereon referred 1o as HNBR) was therefore selected for

further work in the study.

Specific Conductivity of Gel Electrolyte by DC Conductivity. The role of the

polymer in the gel electrolyte system consisting of polymer/plasticizer/inorganic salt is still
not completely resolved. It is generally anticipated that the polymer only acts as a stiffener
for the low molecular weight, high dielectric constant, and low viscosity plasticizer, which
solvate the salt and is the conducting medium. Watanabe et al 121} and Reich and
Michaelil2%) observed that the energy of activation for ion transport is largely independent of
polymer concentration. This suggests an ion migration largely through the plasticizer
domain which surrounds the polymer matrix. Residual conductivity in the polymer has been
anticipated to be the result of ion-hopping between localized sites, although the salt is largely
dispersed as ion-pairs through the polymer! ¥l However, non- Arrhenius behavior is
observed in some systems, e.g., Viton/PC/LiClO,! 31}, which indicates participation of the

polymer.

In the present study the E, for ion transport was determined for the salt in the
plasticizer without the polymer. The effect of polymer was then examined (1) with the
polymer dissolved in the plasticizer along with the salt and (2) as a film containing the
swollen plasticizer and the salt. Table 1 shows the composition of the electrolytes used for

homogeneous solutions.

Figure 10 illustrates the conductivity of the electrolyte consisting of
HNBR44/LiBF/NMP as a function of molar ratio of HNBR/Li at temperatures ranging from
0 to 60°C. NMP concentration is 15 times that of the polymer to form a homogeneous
solution (Table 1). It may be observed that conductivity decreases with higher ratio of the
polymer. This may be ascribed mainly to lower lithium concentration at higher polymer

lithium ratio.

An increase in conductivity with salt (LiBF,) concentration was shown in Figure 4.
Figure 11 shows the effect of temperature (Arrhenius plots) for three concentrations of
LiBF, in NMP, including a 15% concentration not tested before. In agreement with Figure
4, conductivity increases from 2.5 to 8% LiBF,. At 15% LiBF,, a decrease of low
temperature conductivity is observed, presumably due to ion association at high
concentration. lonic dissociation increases with temperature. Consequently, the slope of the
Arrhenius plot is different from that at 2.5 and 8% . The E_ values calculated are 0.11, (.13,
and 0.19 eV/mole for 2.5, 8, and 15% LiBF;. respectively. This shows that maximum
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conductivity at room temperature should be observed some where between 8 and 15 percent
LiBF,. The increase of the E, at 15 percent LiBF, may be ascribed to the extra energy
needed for ion dissociation.

Figure 12 shows the Arrhenius plot of log conductivity vs 1/T for solutions of HNBR
(6.25 percent) in DMAC, BL, and NMP. The polymer:lithium salt ratio was maintained at
8:1 in all three solutions. Although conductivity values are higher in DMAC than in the
other plasticizers (as would be expected), the parallel lines show that the E, values are about
the same. If it is presumed that at the dilute ionic concentration (0.6% LiBF,) the salt is
fully dissociated in all the plasticizers shown, the conductivity increase may be ascribed to an
increase in mobility due to either higher temperature or lower viscosity of the solutions.
Thus, the lower viscosity of HNBR solution in DMAC explains its higher conductivity. The
E, values calculated from the slopes are 0.10 eV/mol for I MAC and NMP and 0.09 eV/mol
for BL. These values are comparable to 0.11 eV 1 for 2.5% LiBF, solution in NMP.

Figure 13 shows the same plot with 2.5 percent LiBF, in NMP with and without 2:1
(CN:Li) HNBR. Although conductivity is much higher in NMP only, the activation energy
is about the same (0.11 vs 0.10 eV/mol). This indicates absence of any influence of the
polymer on E,. The conductivity decrease in the presence of polymer may principally be
ascribed to decreased mobility due to higher viscosity. It may be noted that conductivity of
LiBF4 in NMP in Figure 13 is slightly higher than that in Table 2. This is due to
measurements at different times by different persons and may reflect variability in the

chemicals and procedures.

Figure 14 shows the Arrhenius plots of the solutions in NMP where CN:Li ratio was
varied. The amount of NMP was varied in proportion to the amount of polymer, in effect
varying the concentration of LiBF, in NMP at a constant polymer concentration (Table 1).
As expected, conductivity increases with temperature and as the lithium salt concentration in
NMP increases. However, E, remains more or less constant at 0.106, 0.112, and 0.112
eV/mol for 2:1, 4:1, and 8:1 CN:Li, respectively, with an average of 0.11 eV/mol. This
again indicates that the presence of polymer does not influence the activation energy. The
difference in conductivity in the three samples (Figure 14) is due to the difference in salt
concentration arising from its dilution with larger amounts of NMP as the HNBR:Li ratio

increases.
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Without [INBR.
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Figure 14. Arrhenius Plot of Log Conductivity vs 1/T (K) for Different Ratios of
Polymer/Lithium in NMP.

It is significant that E, does not change in different solvents (Figure 12), at ditferent
concentration of the salt in NMP (up to a limit, Figure 11), and in the presence of the
polymer (Figures 13 and 14). The observation that the energy required for activation of ion
transport does not change in the presence of the polymer indicates a mechanism involving
the solvent with little interference by the polymer as long as the polymer is in solution. This
does not, however, rule out interaction with the polymer, as increased viscosity was observed
as the concentration of salt was increased at constant polymer:NMP concentration.

However, as observed in Figure 14, this does not have any eftect on E,.

Conductivity of Hybrid Films by Impedance Measurement. Preparation of the hybrid
films is described in the experimental section. The composition of different films made are
shown in Table 10. The approximate composition was arrived at by measuring the initial
and final weight after pressing the film and assuming that liquid leached out is the solvent
with the initial concentration of the lithium salt.




wy 3utpueis-aa1y & onpoid o3 KYd1S 003 BjNULOY §
uopya1 anosod uasmiaq passaxd wijty #

uoya snosod-uou uvamiaq passaid wg

I8¢ 6¥8¢ ¥9C's 18£00°0 174 1§71 $1'g
vonesedas oN 1§°C 986¢ 1T 18£0°0 0 el 1§11 $I°8
e LY TS 18£0°0 07 1:671 Si8
£08°0 LLR6! 1278 $26£0°0 0T Pe10 I¥r'0 SLSO 1:SL1 o€
£6L0 t09¢1 £9C'S ey 0 0z 811°0 Levo S¥S°0 B o1t
vonesedag oN tE6'0 60201 TS +20°0 0c 8510 <o LS°0 (TR B [BYA ot
9L6'0 9v701 yoT's $26£0°0 0¢C 1 X4 Lo £ti80 15601 oliE
S9L'l L99¢ 9T’ 8Sv+0°0 74 $01°0 t9L0 898°0 [ BYA N B4
W] §Sald ulw | 9t 6LLT $9T°S 85+40°0 174 Loro 69L°0 9L8°0 LY [BYAN R4
6’1 110749 YIT’S P00 0¢ 6600 SPL0 +vv8°0 15641 «1p
6C'1 i8LL 12°4Y 00 (114 Lito StS0 7590 [ B B4
uonesedag oN il 165L TS tP0'0 0 [ARNY 866°0 SL9°0 SS9l R R4
8¢l 19L9 TS tFP00 0T 6010 650 10L°0 1671 54
$6'C 06tt 12°T8Y L9L00 1T 602°0 LOS°0 91L0 1T #l1y
uonesedag oN 1L°¢ L69T 9T’ 69400 1T 1810 Tse0 £EL0 tL8 1Y 1T #l'y
88t SLST YU tt+0'0 1T 9610 160 90L'0 1T #1'v
‘das ou ")jos 0o £89°0 1:§2C 1'¢
"das ou '1J0s 007, €LLO 1 |6
£l +969 2* 7Y w00 1T 96£°0 62¢'0 STL0 ¢ #1:C
8¢°T 60Tt TS 6150°0 1T 1e0 68t°0 Lo 1¢ #1:C
pateredas JWN 881 11es 12 T8Y 6+0°0 ¥4 1€££°0 89¢°0 6690 8691 I #17
¥9T's 9100 61 19¢°0 99¢°0 Lo 1€ #1:Z
Juissald “Juissaid L) 0N
(01 x wo/s) (wd-13) (zwd) (w3) Q) 1507 Ryv alojagd dAN YINH TIND
SIUWWO)) Auanonpuo)  Anansisay BalY SSUNIIY L dwajg ysom wdom ysm TTND ‘dNN ajdweg

SWTId dIRI9AH 40 ALIALLOIANGOOD JINOI SA NOLLISOdWOD

013714dvL




The conductivity was determined from complex impedance measuren.2nts. The bulk
resistance between stainless steel electrodes obtained from the real component of the plot is
shown in Figure 15. The bulk resistance of the electrolyte along with thickness of the
sample and electrode area yields the resistivity and its inverse, the conductivity. It may be
observed that the bulk resistance shows as a spike in the real component of resistance. This
is rather common for gel electrolytes and was observed by many other studies. It may be
observed in Figure 15 that conductivity decreases (resistivity increases) with time. Figure 16
shows the plot of conductivity vs time. The decreased conductivity vs time was observed by
other earlier workers!32.33] and was attributed to loss of solvent by evaporation or changes in
the nature and structure of the passivating layer. Conductivity decrease is parabolic.
However, it does not yield a straight line with t1/2_ as the study of Tranchant et al.[34].

Since the conductivity changes with time, it is difficult to compare samples of
different compositions. However, conductivity after a constant inter ui > reproducible
among the different specimens of the same composition. For example, conductivities of the
three samples with 4:1 CN:Liund 1.5:1, NMP:HNBR after 10 minutes are 1.48, 1.32 and
1.29 S/cm (Table 10). Conductivities of ditferent films were therefore compared after 10
minutes under compression in the sample holder.

According to Gray!?8), the electrolyte properties depend critically on the ratio of three
components. It is not however possible to independently vary the components and still make
a usable film. Polymer viscosity increases markedly with the concentration of LiBF,. At
very high lithium concentration (CN:Li=1) it is difficult to dissolve the polymer in order to
make a homogeneous film, whereas at low concentration of CN:Li the film gets too soft
when a critical plasticizer concentration, dependent on CN:Li ratio, is exceeded. There is
therefore a concentration window of NMP for each concentration of HNBR:LiBF,. Itis
conceivable that light cross-linking of HNBR would allow more plasticizer pickup without
becoming too soft.

Table 10 and Figure 17 illustrate that at the CN:Li ratio of 4:1 conductivity increases
as the plasticizer to salt ratio (Col. 3) increases. Although this conclusion is based on limited
data, it agrees with the observation of Watanabe et al.12!], with PAN as the host polymer.
These investigators observed that the conductivity of the hybrid film increases with
[EC]/[LiClO,] ratio, irrespective of PAN concentration. They attributed this to the increased
ion mobility through the microphases of [EC)/[LiClO,]. PAN is conceived to act only as a

toughener until a limiting value of [EC)/[LiCIO,] < 1.5 is reached. At concentrations where
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Figure 16. Conductivity of Hybrid Films vs Time by Impedance Measurement.
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Figure 17. Conductivity as a Function of CN/Li Ratio and Plasticizer Concentration.

this ratio is lower than 1.5, PAN/LiClOy; interaction is no longer negligible and conductivity
decreases. The above observations are in broad agreement with our data. However, as
observed in Figure 17 and Table 10, our data shows that conductivity increases with
[plasticizer]/[salt] ratio only when the polymer:salt ratio is kept constant.

Conductivity of the polymeric electrolyte should increase as the number of charge
carriers as well as the mobility of the ions increase. It is conceivable that mobility of the
ions increases as the [plasticizer]/[salt] ratio increases (decreased viscosity) and decreases as
the polymer:salt ratio d